Abstract Mycoplasma contamination in cell culture is considered as serious problem in the manufacturing of biological products. Our goal in this research is to find the best standard and rapid method with high sensitivity, specificity, accuracy and predictive values of positive and negative results for detection of mycoplasma contamination in cell cultures of the National Cell Bank of Iran. In this study, 40 cell lines suspected to mycoplasma contamination were evaluated by three different methods: microbial culture, enzymatic mycoalert Ò and molecular. Enzymatic evaluation was performed using the mycoalert Ò kit while in the molecular technique, a universal primer pair was designed based on the common and fixed 16SrRNA ribosomal sequences used. Mycoplasma contaminations in cell cultures with molecular, enzymatic and microbial culture methods were determined as 57.5, 52.5 and 40 %, respectively. These results confirmed the higher rate of sensitivity, specificity and accuracy for the molecular method in comparison with enzymatic and microbial methods. Polymerase chain reaction (PCR) assay based on fixed and common sequences in the 16SrRNA, is a useful valuable and reliable technique with high sensitivity, specificity and accuracy for detection of mycoplasma contamination in cell cultures and other biological products. The enzymatic mycoalert Ò method can be considered as a substitution for conventional microbial culture and DNA staining fluorochrome methods due to its higher sensitivity, specificity and speed of detection (\20 min).
Introduction
In 1956 for the first time, Robinson et al. (1956) observed that their cell cultures were contaminated by mycoplasma. In 1960s, mycoplasma were introduced as the most important and prevalent contaminatons in cell cultures (Razin et al. 1998; Yavlovich et al. 2006; Zhang et al. 2006) . Mycoplasma are considered as the smallest living organism within the submicron size (200-800 nm). These polymorphic microorganisms that are categorized in the class of mollicutes and order of tenericutes are also characterized by the lack of a cell wall, self multiplication within 1-9 h and genomic size of 600-2,200 kilobases. Of around 200 species available in the class of mollicutes, some are saprophytes with a commensal life in human, animals, insects, plants and some others like Mycoplasma pneumonia, Mycoplasma genitalium, Mycoplasma hominis and Ureaplasma urealyticum are pathogenic species infecting genitourinary and nasopharyngeal tracts (Harasawa et al. 2005; Waites et al. 2005) .
A mycoplasma contamination may affect physiology, growth, morphology as well as biochemical, immunological and genetic characteristics of the cultured cells. Therefore, interpretation of the biological tests on these cells will be affected by incorrect results. In order to increase the quality and safety of the biological products prepared in animal cell cultures, US Food and Drug Administration (FDA) strongly recommends the application of mycoplasmafree cells approved by proper detection tests (Cheng et al. 2007; Dabrazhynetskaya et al. 2011; Huang et al. 2008; Uphoff and Drexler 2011) . It has been reported (in different studies) that between 5 and 87 % of the cell lines have been contaminated by mycoplasmas. From more than 200 mycoplasma species, 20 have been isolated from cell cultures (Uphoff and Drexler 2013) . Eight species including M. arginini, M. fermentans, M. hominis, M. orale, M. hyorhinis, M. salivarium, M. pirum and A. laidlawii are responsible for more than 95 % of cell culture contaminations (Harlin and Gajewski 2008; Markoullis et al. 2009; Timenetsky et al. 2006) . The main sources of mycoplasma contamination in cell cultures are laboratory staff, serum, culture media, materials, reagents, instruments and previously contaminated cells. Meanwhile, mollicutes may be present in cell cultures without any superficial detectable effects like turbidity or pH changes (Zhao et al. 2008; Nikfarjam and Farzaneh 2012; . Several techniques have been developed for mycoplasma detection in cell cultures including direct microbial culture or indirect non culture methods. These techniques have differences in accuracy, reliability, sensitivity, specificity, precision and also cost-efficiency (Kong et al. 2007; Peredeltchouk et al. 2011) . Culturebased methods are considered as time consuming (days to several weeks) and low sensitive methods with relatively high false negative results, which needs expert interpretation. In addition, some of mycoplasma species such as M. hyorhinis are hardly grown in culture and not detectable with culture-based methods. Nonetheless, microbial culture is still considered as the gold standard for mycolplasma detection. Non-culture-based methods include screening of Adenosine phosphorylase (Adop), cell markers, biochemical and immunological techniques, DNA fluorochrome staining, electron microscopy, DNA-RNA hybridization, one-step PCR, nested PCR, PCR-ELISA, genus and species specific PCR with universal and multiplex primers and real time PCR (Hopert et al. 1993; Lawrence et al. 2010; Störmer et al. 2009; Zhi et al. 2010) . These methods are generally more costeffective and easier to perform, however, they have their own disadvantages from the view of sensitivity, specificity and accuracy. In this research, microbial culture (as a gold standard), enzymatic (mycoalert Ò kit) and PCR methods were utilized for the detection of mycoplasma contamination in the cell collections of the National Cell Bank of Iran. The sensitivity, specificity, accuracy and operation time (speed) of these methods were compared in order to identify the optimal method of choice.
Materials and methods

Cell cultures
Different animal and human cell lines available in the National Cell Bank of Iran were randomly selected and evaluated by microbial culture, enzymatic (mycoalert Ò , Lonza, Basel, Switzerland) and molecular detection methods (Table 1) . These cell lines were incubated at 37°C in 88 % humidified and 5 % CO 2 atmosphere. The culture medium for each cell line was prepared according to the recommended instructions and supplemented by 10-20 % fetal bovine serum (FBS) and growth factors. The following reagents were used: Fetal Bovine Serum (FBS, Gibco 10236276001, Mannheim, Germany) was performed based on the rapid uptake of the dye by cells and also binding selectively to minor grooves of cell and mycoplasmal DNA. The fluorescent DAPI dye (Roche) was dissolved in water to make a 1 mg/ml stock. The working solution was freshly prepared by diluting the DAPI stock into 1 lg/ml with methanol. Cells cultured on cover slip slides (Thermo Scientific, USA) were rinsed once with the working solution, incubated with the working solution at 37°C for 15 minutes and rinsed with methanol. Slides were mounted with glycerol and examined under a fluorescence microscope with 340/380 nm excitation filter. When the cells are contaminated with mycoplasmas, discrete fluorescent foci are readily detected over the cytoplasm and sometimes in intercellular spaces (Jung et al. 2003) . In order to detect the mycoplasma contamination after harvesting, each cell line was cultured in an antibiotic-free medium for at least 4 days without exchanging the medium (Freshney et al. 2006 ). All cells were examined under the quality control of microbial cultures to establish whether cells were not contaminated with other microorganisms. Accordingly, Nutrient Broth (Sigma-Aldrich 
Microbial culture for detection of mycoplasma contamination in cell lines
For microbial culture, 1 ml of a cell culture medium plus contaminated cells were added to PPLO broth (supplemented with glucose and arginine) and incubated for 72 h. Afterwards, PPLO medium was vigorously mixed to obtain monotonous turbidity. This medium was centrifuged for 10 min and 100 ll of the precipitate transferred to a solid PPLO agar culture plate. The plate was carefully sealed to prevent contamination and evaporation and incubated at 37°C for 4 weeks. The formation of egg form or non-typical colonies of mycoplasm was investigated by light microscopy every 3 days (Dabrazhynetskaya et al. 2011; Volokhov et al. 2011; Peredeltchouk et al. 2011 ).
Mycoalert
Ò mycoplasma detection kit for mycoplasma contamination in cell lines
The enzymatic Mycoalert Ò is a selective biochemical test (bioluminescent reaction) that reveals the activity amount of mycoplasma enzymes. As described earlier, detection of mycoplasma is performed by measuring the acetate kinase or carbamate kinase Activity (Pitt et al. 2012 ). These specific enzymes provide a rapid screening method for sensitive detection of mycoplasma contamination in cell cultures. The enzymes are released during viable mycoplasma lysis and able to transform adenosine diphosphate (ADP) into adenosine triphosphate (ATP) by reaction with carbamoyl phosphate or acetyl phosphate (Mariotti et al. 2008; Volokhov et al. 2008) . The level of ATPs in each sample was measured before (Reading A) and after (Reading B) the addition of Mycoalert Ò substrate. This ratio (B/A) was considered as an indicator for the presence of mycoplasma contamination. The ratio (Reading B/Reading A)[1, confirms the existence of contamination. If these enzymes are not present, the second reading shows no increase over the first, while reaction of mycoplasmal enzymes with their specific substrate, leads to elevated ATP levels. This increase in level of ATP was determined by luminometer (Berthold, FB12, Bad Wildbach, Germany) at the optimum temperature for luciferase activation (20°C) according to the following formula (equation).
The procedure was performed according to the manufacture's instruction and the intensity of the emitted light is correlated linearly with released ATP concentration and is measured using a luminometer. Mycoplasma detection with the molecular method (PCR)
The specific PCR with universal primers was initially started by DNA extraction from suspicious samples based on a previously published method with a modification (Tang et al. 2000) . Briefly, Cells (1 9 10 5 ) in final logarithmic growth phase were harvested and centrifuged at 12,000g for 1 min. The cell pellet was suspended in STE buffer (NaCl 10 mM, TrisHCl 20 mM and EDTA 1 mM, pH = 8.0) and incubated with sodium dodecyl sulfate (SDS, 1 % w/v) and proteinase K (40 lg/ml, Promega, Madison, WI, USA) for 2 h at 37°C. Afterwards, a solution of phenol-chloroform-isoamyl alcohol (1:24:25) was added to an equal volume of the suspended cells to precipitate the proteins. The total nucleic acids were precipitated by the addition of 1 volume of sodium acetate (3 M, pH = 5.2) and 25 volume 96 % ethanol. The cell pellet was washed with ethanol (70 % v/v) and dried for 30 min at room temperature. Finally, the precipitated DNA was suspended in RNA-DNA free sterile deionized water and kept at -20°C (Molla Kazemiha et al. 2009 Kazemiha et al. , 2011 .
Oligonucleotides and specific PCR for mycoplasma detection in cell lines
In order to detect the mycoplasma contamination of cell lines with the PCR method, a universal primer pair in addition to 11 species-specific primer pairs were designed based on the 16SrRNA of mollicutes according to the previously published reports (Molla Kazemiha et al. 2009 Kazemiha et al. , 2011 (Table 2 ). PCR master mix was prepared by 2.5 ll PCR 10x Buffer, 1 ll dNTPs (50 lM), 3 ll forward and reverse primers (15 pmol), 1 ll Taq DNA polymerase enzyme (1 U), 1 ll magnesium chloride (1.5 mmol), 12.5 ll distilled water and 1 ll mycoplasma genomic DNA (0.1 lg/ll) or cell DNA (1 lg/ll). Afterwards, the mixture was heated at 94°C for 3 min and then 32 cycles of amplification including 94°C for 60 s, 60°C for 30 s, 72°C for 1 min were applied to the mixture. The temperature for universal primers and species-specific primers were set at 55 and 60°C, respectively. Finally, the PCR products were separated by agarose gel (1 % w/v) electrophoresis and visualized by UV transilluminometer.
Statistical evaluation
The data analysis was done using the SPSS statistical software version 20. P values \0.05 were considered statistically significant. Descriptive statistics (i.e. frequencies and percentages) were used to summarize the quantitative variables. Data were analyzed by t test for comparing two tests and Freidman test for comparing three tests. Sensitivity, specificity, accuracy and predictive value of positive and negative results were calculated using Microbial Culture as the Gold Standard (Hopert et al. 1993; Uphoff and Drexler 2002; Galen and Gambino 1975 
Results
In this research, 40 different human and animal cell lines were randomly selected and assessed for mycoplasma contamination using microbial culture, enzymatic and PCR methods (Table 1) . Vero and NSO cell lines were evaluated by these methods and considered as positive and negative controls, respectively (Fig. 1) . Three different strains including M. hyorhinis, M. arginini and M. fermentans were detected in the positive control (Vero cell line) by species-specific PCR primers (Fig. 2) . Microbial culture, enzymatic mycoalert Ò and PCR tests, respectively, showed 40 % (16 cases), 52.5 % (21 cases) and 57.5 % (23 cases) contamination among the 40 studied cell lines. Indeed, microbial culture and enzymatic tests indicated 7 and 2 false negative without any false positive (Table 3) .
Sensitivity of mycoalert Ò test has been announced \50 cfu/ml by manufacturer. For example, sensitivity of this kit for A. laidlawii, M. hyorhinis and M. orale was reported 10-20 cfu/ml. In this experiment, serial dilutions (1/2-1/4,096) were prepared from the positive control of the kit, Vero cell line and also A. laidlawii strain. The limit of detection (LOD) for all those three samples was obtained until 1/256 dilution (Table 4) . Besides in molecular PCR, at annealing temperature of 55°C, the universal pair primers could amplify the DNA of all mollicute strains so that a 425 bp product was obtained (Fig. 3) . However, there was no cross-reaction indicated for these primers with rat DNA, human DNA, mouse DNA as well as prokaryotes and bacteria DNA such as S. aureus, P. mirabilis, B. subtilis and P. aeruginosa (data not shown). In order to examine the sensitivity of the universal primer, different serial dilutions of extracted DNA from A. laidlawii were prepared. For the detection of amplified product, the detection limit was sensitive 10 -7 (10 fg). This proves the high sensitivity, specificity and accuracy of the PCR method in comparison with other direct and indirect mycoplasma detection methods (Fig. 4) . Of note, to ensure that cell lines were not contaminated by other gram positive and negative bacteria samples taken from the cell line cultures were transferred to various microbial culture media. No bacterial growth was detected for these cultures (data not shown), which confirmed the specificity of mycoalert Ò results.
Statistical results
The specificity for all three methods was calculated 100 % while the sensitivity of PCR, enzymatic mycoalert Ò and microbial culture methods was determined 100, 91.30 and 69.56 %, respectively. In addition, the highest and lowest accuracy belonged to PCR (100 %) and microbial culture (85.10 %) methods, respectively. The predictive value of positive results were assessed as 100 % for these methods, while the predictive value of negative results was estimated 100 % for PCR, 90.47 % for enzymatic mycoalert Ò and 77.41 % for microbial culture techniques (Fig. 5) . Table 5 compares the statistical validity of the methods two-by-two using standard ttest analysis. The differences between enzymatic mycoalert Ò and microbial culture methods and also enzymatic and PCR methods were not statistically significant. On the other hand, the comparison of PCR and microbial culture methods showed the statistically significant differences with P value\0.05. According to the ranking method using the Friedman test, variable with the lowest average ranking becomes the most important. The average ranking for PCR, enzymatic mycoalert Ò and microbial culture were calculated as 1.89, 1.96 and 2.15, respectively. Moreover, the P value in the Friedman test was also significant (P value = 0.008). Therefore, the similarities in the ranking of these three methods were discarded. Correspondingly, these three methods were ranked as molecular PCR, enzymatic mycoalert Ò and microbial culture.
Discussion
Cell cultures are extensively used in biological research in order to evaluate the biopharmaceutical products. Mycoplasma is an inevitable and common Cytotechnology (2014) 66:861-873 867 (Smith and Mowles 1996) . Therefore, cells must be screened for mycoplasma contamination before any experiment. The prevalence of mycoplasma contamination has been reported between 5 and 35 % throughout the world (Harlin and Gajewski 2008; McGarrity and Kotani 1985) . Nowadays, several direct and indirect techniques have been developed by researchers. In direct methods, microbial colony growth on agar medium can be evaluated directly without any false positive results. On the other hand, enzymatic and metabolic activities or genomic productions of mycoplasma are indirectly checked to determine the presence of contamination. The characteristics of an ideal method are sensitivity, specificity, accuracy, quickness, cost effectiveness and ease of interpretation. In order to ensure the validity of microbial test, it is recommended to verify the experiment with at least another method. Some of the mycoplasma strains cannot grow in artificial culture mediums (M. hyorhinis, M. genitalium, M. orale, M. amphoriforme and M. vulturii). This is considered as an important disadvantage of microbial culture method which results in false negative results, as we also detected 7 false negative cases by microbial culture. The slow growth rate of mycoplasma (duplication time 1-9 h) is another problem that spends 2-6 weeks for mycoplasma colony appearance (Del Giudice et al. 1980) . Because of incomplete respiration pathway in mycoplasma and the absence of tricarboxylic cycle and cytochrome, the ATP production that depends on oxidative phosphorylation (except malate dehydrogenase avtivity) is stopped. Therefore, the fermentative arginine and carbohydrate pathways are considered as ATP production survival systems in mollicultes (except in ureaplasmas for which ATP production depends on urea hydrolysis) (Markoullis et al. 2009 ).
Mycoalert Ò kit as a biochemical test, detects the mycoplasma enzymes such as acetate kinases and carbamate kinases. Theses enzymes are able to catalyze and change the ADP to ATP in the presence of phosphate acetyl and phosphate carbamoyl substrates. This produces a detectable luminescence signal related to the luciferase activity. The sensitivity, accuracy, specificity and high speed (\20 min) are the main advantages of enzymatic test. In addition, in opposite to PCR method, detection of enzymaticallyactive viable mycoplasma germs is highly valuable, particularly in antibiotic therapies. In this study, false negative results for the enzymatic method were detected in only two cell lines including PC12 (NCBI C153) and MIA paca-2 (NCBI C459). In all other 38 cases, the PCR results for contamination were concordant with Mycoalert Ò results. The main disadvantage of this method is related to the false negative results due to the function of enzymes. The quality, quantity and stability of acetate kinases and carbamate kinases must be in appropriate level for detection by luminometer. In addition, this method is unable to detect different genus and species of ureaplasmas such as U. urealyticum and also specific mycoplasma species Mariotti et al. 2008) .
PCR techniques with the protocols based on 16SrRNA and 16S-23SrRNA of different mycoplasma species include various strategies such as one-and two-step PCR (nested PCR), genus and species specific PCR, gel electrophoresis and real time PCR. The results obtained in this study reveal that the fix and common ribosomal sequences (16SrRNA) can be considered as an appropriate target for detection of different mycoplasma strains in cell cultures. This strategy is not only capable of detecting eight typical mycoplasma strains including M. hyorhinis, M. arginini, M. orale, M. fermentans, M. salivarium, M. hominis, M. pirum and A. laidlawii (that are responsible for 98 % of culture contaminations), but also may identify other mollicute species belonging to mycoplasma genus, Acholeplasma, Ureaplasma and Spiroplasma (which are responsible for 2 % of culture contaminations). The main advantages of the PCR method in comparison with enzymatic and microbial techniques are higher sensitivity, specificity, accuracy and predictive value of positive and negative results.
The preference of microbial and enzymatic tests over the PCR method is that these methods act on living organisms instead of DNA of live or dead organisms. Viable mycoplasma may be successfully removed during treatment periods while its DNA still remains. The presence of false positive results is considered as an important disadvantage of PCRbased methods especially in nested PCR (Cheong et al. 2011) . Although the hybridization technique is basically established on PCR method principles, 4 organisms while this range for PCR is considered as 1-10 organisms. Therefore, higher sensitivity and specificity are obtained by the PCR method in comparison with the other techniques (Uphoff and Drexler 2002) .
In a previous study by Mc Garrity et al. mycoplasma contamination was evaluated in 30 cell lines using microbial and PCR methods, which respectively detected 10 and 14 positive ones. Some of the M. hyorhinis strains were not able to grow in microbial cultures Del Giudice et al. 1980) . In contaminated cultures, more than 1,000 mycoplasma cfu are necessary to be detectable by microbial culture while in PCR and PCR-ELISA methods \10 mycoplasma cfu can be detected. This explains the advantageous of the PCR over the classical methods especially in the case of low level contaminations (right before invasion of infection or after eradication of agents) (Young et al. 2010) .
In spite of precaution and preventive observations, the risk of PCR products contamination in molecular diagnosis is probable. However, utilizing appropriate controls different steps is helpful in decreasing false positive and negative results. Low quantities of mycoplasma in sample, non homogenous distribution of mycoplasma in the cell culture and spurious PCR products in extraction and purification procedures are the main causes of false negative results in the PCR technique. Consequently, PCR detection can be chosen as the best method with one pair or two pair primers (nested PCR). The higher sensitivity and specificity is achieved by nested PCR while the risk of false positive results still remains. It should be noted that titer of mycoplasma organisms in PCR method must be sufficient. However, this method (nested PCR) is more effective in some cases such as antibiotic therapy or detection of mycoplasma in biological products like FBS, trypsin, etc.
Reverse transcriptase PCR (RT-PCR) is considered as one of the suggestive methods for increasing the sensitivity of PCR (Peredeltchouk et al. 2011) . This technique identifies the presence of free ribosomal RNA in contrast to the DNA coded with 16S rRNA gene (Puppe et al. 2013) . In brief, we suggest that for recognition of routine mycoplasma contamination in cell cultures single-step PCR and not nested-PCR should be used (Uphoff and Drexler 2013) .
In a study by Uphoff et al., sensitivity and specificity of different methods including direct and indirect DNA DAPI staining, DNA-RNA hybridization, ELISA and enzymatic 6-MPDR were assessed on adherent and suspension cells. In comparison with microbial culture, sensitivity and specificity were obtained as 100 and 100 % for indirect DNA DAPI staining, 100 and 98 % for DNA-RNA hybridization, 87 and 94 % for direct DNA DAPI staining, 72 and 100 % for ELISA, and finally 75 and 90 % for enzymatic 6-MPDR (Uphoff et al. 1992 ). In another study by Hobert and Drexler on 42 cancer cell lines, the sensitivity and specificity of nested PCR was compared with DNA-RNA hybridization, DNA DAPI staining, immunofluorescence staining by monoclonal antibody (IFA) and ELISA. It was concluded that nested PCR exhibited positive and negative results less than other methods. The designed primers were able to detect mycoplasma contamination until 10 -4 serial dilutions (Hopert et al. 1993) . In another research, for the validation of a microbial (reference) method, nested PCR and enzymatic Mycoalert Ò detection kits as alternative techniques were used (Cheong et al. 2011) . The LOD of nested PCR was similar to the sensitivity of microbial culture and higher than for Mycoalert Ò . Uphoff and Drexler also reported that in comparison with microbial culture and DNA-RNA hybridization, molecular PCR technique could be considered as a sensitive, economic, accurate, precise, cheap, simple and rapid method for detection of mycoplasma contamination in cell cultures (Uphoff and Drexler 2002) . On the other hand, according to the Young et al. suggestion, at least two or three tests must be synchronously performed for contamination recognition (Young et al. 2010) . However, few researches declared that mycoalert Ò method can be considered as selective technique in comparison with PCR-ELISA and microbial culture, due to the higher sensitivity, specificity and accuracy (Mariotti et al. 2008) . It has been stated by Garner and coworkers that interpretation, reproducibility and acceptability of the results with a more convenient procedure for ELISA and PCR-ELISA can be achieved, compared to DNA staining and PCR for detecting mycoplasma contamination in cell cultures (Garner et al. 2000) . Another study by Hong and colleagues for the detection of mycoplasma contamination in clinical specimens by PCR and Dot blot hybridization was performed. In this research, DNA amplification primers (in PCR method) were designed to identify and reproduce DNA of known mycoplasma species with LOD of 100 pg for pure mycoplasma DNA. The quantity of LOD for DOT blot hybridization technique with digoxigenin labeled probe was reported about 10,000 pg DNA whereas, this value for PCR-Dot blot hybridization (PCR/DBH) method decreased to 10 pg DNA (Hong et al. 2011 ).
Conclusion
In this study three different methods including Mycoalert Ò detection kit, microbial culture and molecular PCR method were compared. Sensitivity, specificity, accuracy and predictive value of positive and negative results were obtained 91.30, 100, 95.23, 100 and 90.47 % for the Mycoalert Ò enzymatic method and 69.56, 100, 85.10, 100 and 77.41 % for the microbial culture method, respectively, and 100 % for all parameters for PCR. The enzymatic Mycoalert Ò method with respect to its sensitivity, specificity and very high speed of detection of mycoplasma contamination (\20 min) after PCR can be used instead of conventional microbial culture and DNA staining fluorochrome methods. Therefore, the PCR assay based on fix and common sequences in ribosomal 16SrRNA is confirmed as a valuable, reliable, highly sensitive, specific and accurate method for mycoplasma detection in cell cultures and biological products.
